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es.2011.0Abstract A parametric study taking into account gas hourly space velocity (GHSV) andmethane to
oxygen ratio for the oxidative coupling of methane (OCM) is applied. The GHSV and methane to
oxygen ratio are shown to effect the methane conversion and selectivity towards ethane and ethylene.
The importance of methane to oxygen ratio on catalytic performance is highlighted. The experiments
are carried out in a differential tubular ﬁxed bed reactor, using 0.7–1.5 g of titanate perovskite, Sn/
BaTiO3, as the reaction catalyst at temperature of 1048 K. Different GHSVs (8000–12000 and
17000 h1) and methane to oxygen ratios (1, 2, 3, 4 and 7.5) are selected. An optimum GHSV and
methane to oxygen ratio is proposed in order to develop process toward maximization of desirable
hydrocarbon product such as ethylene and ethane and minimization of carbon oxides production in
isothermal performance of reactor. It is concluded that methane to oxygen ratio of 2 and GHSV of
8000–12000 h1 are optimal conditions for achieving the highest yield of C2.
ª 2011 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Various have been used, so far, to convert natural gas (meth-
ane) to fuels or chemical compounds. The process of catalytic
conversion of methane into chemicals can be divided into indi-
rect and direct methods (Lunsford, 2000). The direct catalytic
conversion to higher hydrocarbons followed by oxidative cou-
pling of methane (OCM) has been the reaction of considerableSaud University.
g by Elsevier
. Production and hosting by Elsev
6.007interest to researchers (Keller and Bhasin, 1982). In addition to
desirable hydrocarbon products such as ethylene and ethane
(also known as C2 products), undesirable and non-selective
products such as CO and CO2 (also known as COx products)
are generally obtained during the catalytic oxidative coupling
process of methane. The conversion of methane to COx is an
undesired process which decreases the reaction yield (Istadi,
2006). During the last decade a strong effort has been made
in order to develop process toward maximization of C2 pro-
duction and minimization of COx production in the system
(Zeng and Lin, 1997; Jingjing et al., 2007; Rane et al., 2006).
An investigation has been made in order to develop selective
catalyst for OCM on different effective factors such as new
catalyst structure, temperature of calciﬁcation on activity
and stability of catalyst (Kus and Taniewski, 2002; Fallahier B.V. All rights reserved.
Figure 1 Schematic of differential ﬁxed bed reactor, thermo-
couple assembly and furnace used in experimental work.
2 N. Yaghobiand Falamaki, 2010). Some researchers reported that the
parameters had strong inﬂuence on catalytic performance
and performance of different reactors in OCM (Choudhary
and Uphade, 2004; Kiatkittipong et al., 2005). They have been
also investigated on the parametric studies and considered the
effect of GHSV and ratio of methane to oxygen in feed (Tye
et al., 2002). The more parametric studies on the effect of
methane to oxygen ratio in feed, temperature, contact time
and inert gas in feed were model based predictions (Yaghobi
and Ghoreishy, 2008a, 2009; Takanabe and Iglesia; 2008).
Some operating parameters have been studied or optimized
in order to improve C2 yield of OCM, among them GHSV andFigure 2 The experimental set-up, V1: Direct analysis steam of feed
soap ﬂowmeter; V3: Product stream towards GC; V4: Product st
Temperature of oven; MFC1: Methane mass ﬂow controller; MFC2: Omethane to oxygen ratio showing possibility of achieving sig-
niﬁcant improved C2 yield product.
The intense effort devoted in recent years to the investiga-
tion of methane oxidative coupling over a wide variety of cat-
alysts has shown that the detailed reaction pathway and
corresponding kinetic expression is a function of the type of
catalyst used and its composition (Santamaria et al., 1991).
Therefore in this study, due to the importance of the type of
catalyst, titanate perovskite was selected for parametric studies
of OCM reactions. However, there have been only few
researchers addressing the Sn/BaTiO3 catalytic performance
and optimal studies in an OCM process. With the aim of
improving C2 yield, the catalytic performance with considering
GHSV and methane to oxygen ratio, in laboratory scale is
studied.
Against this background experimental studies in a differen-
tial ﬁxed bed reactor over a titanate perovskite catalyst are per-
formed. In this investigation the optimal GHSV and methane
to oxygen ratio for maximizing C2 production over catalyst is
inspected. Besides, the signiﬁcant effect of GHSV over a wide
range of methane to oxygen ratio (1 to 7.5) is investigated. The
main messages of this work are as the followings:
 Evaluation of gas hourly space velocity (GHSV) and meth-
ane to oxygen ratio effects on catalytic performance.
 Introducing optimum operating conditions to achieve the
highest yield of C2 in isothermal performance of reactor.
2. Materials and methods
2.1. Catalyst
Investigations are performed over a Sn/BaTiO3 catalyst, which
has found to be a selective one in studies performed in differ-
ential ﬁxed bed reactor (Yaghobi et al., 2001). The catalyst
used in this study was prepared in our research laboratory
by a sol–sol method. The perovskite catalyst has typicalgas mixture towards GC; V2: feed stream towards the reactor or
ream towards GC; V5: Direct outlet of product stream; TC1:
xygen mass ﬂow controller; MFC3: Helium mass ﬂow controller.
Table 1 Physical properties of the catalyst.
Bulk density [kg m3] 1630
Heat capacity [J kg1 K1] 551.5
Speciﬁc surface area [m2 kg1]a 2000
a Measured by BET.
Table 2 Yield of ethylene and C2 at CH4/O2 = 1 and different val
Time (h) 3 4
GHSV= 17000 h1 Yield
(mol%)
C2H4 20.93 16.4
C2 25.17 20.4
GHSV= 12000 h1 Yield
(mol%)
C2H4 20.36 16.9
C2 22.77 19.8
GHSV= 8000 h1 Yield
(mol%)
C2H4 25.2 21.9
C2 28.17 25.2
Table 3 Yield of ethylene and C2 at CH4/O2 = 2 and different val
Time (h) 3 4
GHSV= 17000 h1 Yield (mol%) C2H4 15.15 1
C2 19.92 1
GHSV= 12000 h1 Yield (mol%) C2H4 21.83 2
C2 25.73 2
GHSV= 8000 h1 Yield (mol%) C2H4 20.79 1
C2 24.33 2
Table 4 Yield of ethylene and C2 at CH4/O2 = 3 and different val
Time (h) 3 4
GHSV= 17000 h1 Yield (mol%) C2H4 14.57 1
C2 19.81 2
GHSV= 12000 h1 Yield (mol%) C2H4 15.93 1
C2 21.17 2
GHSV= 8000 h1 Yield (mol%) C2H4 22.48 1
C2 27.08 2
Table 5 Yield of ethylene and C2 at CH4/O2 = 4 and different val
Time (h) 3 4
GHSV= 17000 h1 Yield (mol%) C2H4 13.72 1
C2 19.75 1
GHSV= 12000 h1 Yield (mol%) C2H4 17.32 1
C2 23.08 2
GHSV= 8000 h1 Yield (mol%) C2H4 10.33
C2 14.02 1
Table 6 Yield of ethylene and C2 at CH4/O2 = 7.5 and different v
Time (h) 3 4
GHSV= 17000 h1 Yield (mol%) C2H4 15.35
C2 24.85 1
GHSV= 12000 h1 Yield (mol%) C2H4 12.85 1
C2 19.6 1
GHSV= 8000 h1 Yield (mol%) C2H4 15.59 1
C2 22.19 2
The role of gas hourly space velocity and feed composition for catalytic oxidative coupling 3ABO3 chemical formula. The capacity of its constructing cat-
ions are as A+n and B+m (m= 4, 5 and n= 1, 2, 3). The meth-
od of production was comprised of: (I) Forming an aqueous
slurry comprising an alkaline earth metal salt, a powdered me-
tal salt and a powdered transition metal oxide. It was formed
by dispersing the powdered alkaline earth metal salt in water.
The alkaline earth metal salt was selected from the group con-ues of GHSV.
5 6 7 8 Average
3 15.38 15.47 14.96 19.59 17.13
4 19.31 19.36 18.27 23.23 20.96
3 16.49 15.11 15.13 13.04 16.18
4 19.66 17.9 18.5 16.15 19.1
5 20.07 19.31 18.78 17.22 20.43
23.48 23.59 22.07 20.72 23.7
ues of GHSV.
5 6 7 8 Average
4.74 15.22 15.53 15.17 16.53 15.39
9.86 20.27 20.92 20.77 21.88 20.6
0.26 19 18.39 18.47 17.77 19.29
4.73 23.7 23.25 23.3 22.64 23.9
8.49 18.14 19.45 19.12 17.38 18.90
3.03 23.25 24.11 23.59 22.32 23.4
ues of GHSV.
5 6 7 8 Average
7.35 11.88 10.91 11.54 12.98 13.21
3.86 16.94 15.88 16.67 18.33 18.6
6.93 13.45 13.2 11.62 10 13.52
2.78 19.18 18.91 15.99 14.15 18.7
7.22 17.15 17.16 16.5 19.40 18.32
1.98 22.17 22.16 21.52 24.92 23.3
ues of GHSV.
5 6 7 8 Average
1.29 13.2 14.62 7.79 9.99 11.77
7.09 19.52 22.04 12.36 15.84 17.8
6.96 14.95 15.2 16.2 16.27 16.19
3.48 21 21.52 22.15 23.16 22.4
6.85 9.45 10.89 15.30 10.36 10.53
4.12 13.25 15.35 15.35 14.65 14.5
alues of GHSV.
5 6 7 8 Average
9.2 11.4 8.64 9.15 9.01 10.46
8.62 20.81 16.63 17.46 17.68 19.20
2.79 12.89 13.53 11.86 11.23 12.53
9.23 19.91 20.49 18.72 19.05 19.5
6.85 10.41 11.32 13.06 12.2 13.24
1.09 15.82 17.22 19.58 18.59 19.10
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Figure 3 Methane conversion against the time at different
GHSV and methane to oxygene ratio (¤, CH4/O2 = 1; n, CH4/
O2 = 2; m, CH4/O2 = 3; ·, CH4/O2 = 4; \, CH4/O2 = 7.5).
4 N. Yaghobisisting of barium and strontium salt in molar ratio of 0.67. (II)
Adding the powdered transition metal oxide to the water, the
metal oxide was titanium oxide. (III) Adding a polymeric
binder to the slurry to form a paste. (IV) Drying the paste
for forming a powder. (V) Heating the powder at increasing
temperatures at a predetermined proﬁle commensurate with
the polymeric binder; and (VI) Calcining the heated powder
at 973–1073 K for 8 to 10 h to form the perovskite catalyst.
Then the catalyst powder is compressed into cylindrical pellets.
The mesh size of 30–35 of this powder was used in laboratory
experiments.
2.2. Reactor
The application of differential ﬁxed bed reactor is recom-
mended to get better temperature control and consequently
higher reaction yield. In integral reactors temperature control
is more difﬁcult and long contact time under high reaction
temperature can decrease yield of reaction signiﬁcantly (Yagh-
obi and Ghoreishy, 2008b). A differential tubular catalytic
ﬁxed bed reactor for the oxidative coupling of methane(OCM) is designed. Consequently differential bed reactor with
the diameter of 10 mm and catalyst bed length of 8 mm is used
in all experiments. For the small particle size the catalytic bed
was diluted with the quartz with the same diameter. Fig. 1
shows the schematic detail of the reactor, thermocouple assem-
bly used in this study. Temperature is measured by K-type
thermocouple placed in an appropriate thermowell. The inside
quartz thermowell is centered along the length of catalytic bed.
The catalytic reactor was placed in an electrical furnace
equipped with a programmable temperature controller for
monitoring the reaction temperature at the hottest zone. Flow
rate of all feed gas species, CH4 (99.99%), O2 (99.99%), He
(99.99%) are regulated by mass ﬂow controller. The analysis
of the reactive products was conducted using a custom-design
two channel on-line gas chromatograph system. The schematic
diagram of experimental setup utilized in this research is
shown in Fig. 2.
2.3. Analytical procedure
The main products of OCM over Sn/BaTiO3 in a differential
ﬁxed bed reactor are C2 hydrocarbons, CO2, CO and H2O,
water was condensed before the analysis. The inlet and outlet
stream are analyzed by on-line gas chromatograph system
from which methane conversion, product selectivity and yield
are calculated. In on-line gas chromatograph system two con-
secutive columns as well as TCD detector are used. The ﬁrst
has a 30 m capillary column (530 l in diameter), HP-PLOT
Q, by which carbon dioxide, ethylene and ethane are deter-
mined. The second, molecular sieve-5 A, is used to analyze car-
bon monoxide, oxygen and methane.
Since the concentration of reaction products is obtained by
GC analysis and also the feed gas ﬂow rate in each experiment
is a known value, therefore the yield of each products can be
calculated. On the other hand, GC analyses for the feed gas
were applied to compute the initial concentration of each spe-
cies in the feed gas such as methane. The performance of reac-
tor is evaluated by conversions of reactants as well as
selectivity and yield of products. The conversion identiﬁed as
a function of reactant reacted to the reactant fed. As example
the conversion of methane is:
XCH4 ¼
CCH4  CCH4
CCH4
ð1Þ
the C2 selectivity is determined as C2 product formed per reac-
tant consumed:
SC2 ¼
2ðCC2H6 þ CC2H4Þ
CCH4  CCH4
ð2Þ
and the yield is selectivity percentage multiple by conversion
percentage.
2.4. Reaction conditions
In all experiments a constant temperature is applied
(T= 1048 K). The contact time is set in the term of GHSV,
varied between (8000–12000–17000 h1) applying catalyst
mass of 0.7–1.5 g and methane to oxygen ratio in the feed
gas is also considered as (1, 2, 3, 4 and 7.5). All experiments
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Figure 4 Selectivity of product against the time at GHSV = 17000 h1 and different methane to oxygene ratio (¤, C2H4; n, C2;m, CO2).
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Figure 5 Selectivity of product against the time at GHSV = 12000 h1 and different methane to oxygene ratio (¤, C2H4; n, C2;m, CO2).
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Figure 6 Selectivity of product against the time at GHSV = 8000 h1 and different methane to oxygene ratio (¤, C2H4; n, C2; m, CO2).
6 N. Yaghobitests are carried out at total pressure 0.98 atm for various
GHSV and methane to oxygen ratio. (see Table 1).3. Results and discussion
The operating conditions are varied over a range of conditions,
within experimental constraints, to study the effects on C2 pro-
duction yield. Under any given set of ﬂow conditions, perfor-
mance of titanate perovskite catalyst is also analyzed after
reaching steady state at given temperature. Tables 2–6 display
the results of experimental tests under different methane to
oxygen ratio and GHSV (or residence time) at 1048 K. In
addition Figs. 3–9 compare the inﬂuence of this parameter to
optimize best conditions.
3.1. Effect of GHSV
The contact time has been reported to have important role in
catalytic oxidative coupling of methane due to the secondary
oxidation of the hydrocarbon products. In this work, the inﬂu-
ence of resident time is investigated by varying the volumetric
feed ﬂow rate in term of GHSV. It can be noticed in compar-
ison of each portion a, b, c, d and e curves in Figs. 3–5. that
high values of GHSVs favor rates of C2 formation (selectivity),which is similar to reported previously (Lane and Wolf, 1988).
This is because that, despite a reduction of residence time, an
increase in C2 production rate (C2 selectivity) is observed. In
all curves of Fig. 3, methane consumption rate (conversion),
increase with decreasing GHSV (increasing resident time).
The decreased methane consumption rate (methane conver-
sion) was due to the lower contact time, which in turn favors
the hydrocarbon production (Yaghobi and Ghoreishy, 2009).
There is a contrast between increasing of selectivity and
decreasing of conversion, since the yield is product of selectiv-
ity and conversion, so the yield of reaction as controlling
parameter must be considered.
As shown in Table 2, yield of C2 in GHSV= 80000 h
1 is
more than in GHSV = 12000 and 17000 h1 at methane to
oxygen ratio of 1. In Table 3 feed gas enters to bed with meth-
ane to oxygen ratio of 2, in this case at GHSV of 8000 and
12000 h1 better result for C2 yield is obtained. Also Table 4
shows better results for C2 yield at GHSV = 80000 h
1. Table
5 shows better results at GHSV = 12000 h1, in this case feed
is rich of methane and oxygen concentration is low. Also in
Table 5 results of GHSV 8000 and 12000 h1 have a close like-
ness. With respect to these results of Tables 2–6 can concluded
when GHSV increases from a limit, yield of C2 decreases, then
experimental results recommend GHSV between 8000 and
12000 h1. In the other hand, generally in a catalytic process
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(c) GHSV=17000 h-1, CH4/O2=3 (d) GHSV=17000 h-1, CH4/O2=4
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Figure 7 Dry composition of product against the time at GHSV = 17000 h1 and different methane to oxygene ratio (¤, CH4; n, O2;m,
C2; ·, COx).
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and yield of reaction are not declined.
3.2. Effect of feed gas composition
The initial methane concentration is one of the most inﬂuenc-
ing factors in OCM process. In total oxidation stiochiometry,
i.e. CH4/O2 = 1/2 and in all experiments, oxygen concentra-
tion in feed was taken lower than this ratio. Tables 2–6 shows
the optimal yield of selective products for different methane
mole fraction in feed. As shown in these tables for
GHSV = 8000 h1 the acceptable range of methane to oxygen
ratio is 1/3 and for GHSV = 12000, 17000 h1 the best results
for yield of C2 and C2H4 are achieved at CH4/O2 = 2. As a re-
sult we would have maximum ethane production in methane to
oxygen ratio of 2. This happens because; when the amount of
oxygen decreases from optimum value, the methane produc-
tion is via oxidation reactions is increased. Considering the
optimizing methane to oxygen ratio is proposed in a microre-
actor with consummated amount of catalyst 0.7 to 1.5 g and
mesh size of 30–35.3.3. Methane conversion
The methane conversion versus time of reaction is illustrated in
Fig. 3; each part of these ﬁgures shows results at constant
GHSV and different methane to oxygen ratio. Fig. 3 shows
that maximum methane conversion take place at methane to
oxygen of 1. In other word, when feed is rich of oxygen, meth-
ane conversion increases. The methane conversion in curves a,
b and c of Fig. 3. was 50%, 65–70% and 50–65%, respectively.
This happens because, as oxygen content of the feed stock was
increased, the total oxidation reactions became more undesired
and thus, the C2 production rate is decreased. Consequently
methane to oxygen molar ratio of 1 is not proposed. Three
above mentioned curves show in lower oxygen concentration
in feed, CH4/O2 = 4 and 7.5, the minimum methane conver-
sion (about 20–30%) is achieved. In the other word, large
amount of feed passing through bed without conversion, from
a view point of processing this condition is not desired. In
curves a, b and c of Fig. 3 it is observed that the best condition
for methane conversion, P30%, and consequently C2 yield
were achieved with applying methane to oxygen ratio of 2.
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Figure 8 Dry composition of product against the time at GHSV = 12000 h1 and different methane to oxygene ratio (¤, CH4; n, O2;m,
C2; ·, COx).
8 N. Yaghobi3.4. Selectivity of desirable and undesirable products
The oxygen concentration is one of the main variables control-
ling the rate of reactions. In this work performance of the reac-
tor at different methane to oxygen ratios is evaluated as
illustrated in Figs. 4 and 5. These ﬁgures show the catalytic
performance for different methane mole fraction (methane to
oxygen ratio) in feed. A comparison of products formation
rate between different values of methane to oxygen ratio under
various GHSVs are also shown in these ﬁgures. In Fig. 4, it is
found that the COx production rate (COx selectivity) slightly
decreased as the CH4/O2 (methane partial pressure) is in-
creased. The highest (47%) and lowest (10%) value of CO2
selectivity can achieved at CH4/O2 = 1 and 7.5, respectively.
As noted previously, as oxygen content of the feed stock was
increased, the total oxidation reactions became more unﬂa-
vored. Methane to oxygen ratio has considerable inﬂuence
on methane consumption rate. As oxygen concentration in
feedstock and COx production rate increased, methane con-
sumed with higher rate. In all of a, b, c, d and e curves in Figs.
4–6 the rate of COx production was always lower than C2 pro-
duction rate, because of reduction of oxygen content on feed
gas. An increase in methane to oxygen ratio leads to increase
of C2 and ethylene selectivity, consequently highest C2 selectiv-
ity is 82% at CH4/O2 = 7.5.
As a conclusion, It seems increasing of methane to oxygen
ratio is desired for decreasing CO2 producing and better resultsis achieved at CH4/O2 = 7.5; on the other hand, methane con-
version also must be considered. As noted previously, Fig. 3
show methane conversion at ﬁve different value of feed com-
position, highest methane conversion is happened at CH4/
O2 = 1 and from this view of point CH4/O2 = 7.5 is unde-
sired. Accounting of both of conversion and selectivity effects
in maximizing yield of ethylene product, the methane to oxy-
gen ratio of 2 is proposed.
It is generally known that the oxygen, as an initiator, helps
to prepare the required activation energy for methane decom-
position reaction. The oxygen also helps the production of
methyl radicals and as a consequence the formation of C2
hydrocarbon. Consequently, higher CH4/O2 ratio must con-
sider in OCM reaction to increase the C2 selectivity. However,
if we consider very high ratio of CH4/O2, the activation energy
for methane decomposition is not available and the methane
conversion decreases and therefore, the yield of reaction is re-
duced. Therefore, an optimum value of CH4/O2 equal to 2 is
proposed in our experiments. If the methane concentration
in feedstock increases, both C2 yield and its production rate de-
creases. According to following reaction with increasing oxy-
gen amount in feed gas, unselective product such as CO and
CO2 increase and selectivity of desirable product C2 decreases.
The results reveal the maximum yield is obtained when ra-
tio of methane to oxygen in feed gas is 1/3. The highest C2
yield was 28.17% (C2 selectivity of 55% and methane conver-
sion of 50%) at methane to oxygen ratio of 2.
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Figure 9 Dry composition of product against the time at GHSV = 8000 h1 and different methane to oxygene ratio (¤, CH4; n, O2; m,
C2; ·, COx).
The role of gas hourly space velocity and feed composition for catalytic oxidative coupling 93.5. Outlet composition
Figs. 7–9 shows outlet composition of microreactor at three
GHSVs in different methane to oxygen ratio. With compari-
son of ﬁve curves in each, it observed with increasing of
methane to oxygen ratio, the oxygen concentration decreases
from 20% to 5%. In the other word, decreasing of oxygen
amount in feed gas leads to its consumption through reaction
and decreasing its concentration in outlet. Also, oxygen is
main agent and initiator of oxidative reactions, therefore its
low amount causes decreasing oxidative reaction and its high
amount cases increasing combustion reaction. On the other
hand, when methane to oxygen ratio is increased methane
concentration in outlet increasing from 17% to 50%. This
happens due to increasing of this ratio caused decreasing in
methane conversion and consequently decreasing in produc-
ing of favorite hydrocarbons. Therefore evaluation of outlet
composition has same results with selectivity and conversion
investigation.4. Conclusions
The effects of GHSV and methane to oxygen ratio on the cat-
alytic performance are explained in a ﬁxed bed reactor ofOCM over titanate porovskite catalyst. The present study
dealt with the experimental optimal control in an OCM reactor
where methane to oxygen ratio is considered as the control
variable for maximizing C2 production. In all experiments, ma-
jor products were C2 hydrocarbons and COx products. The re-
sults showed that under the given conditions of GHSV and
methane to oxygen ratio, increasing of methane conversion
and decreasing of C2 selectivity are coupled, therefore the eval-
uation of the optimum conditions has to consider both of con-
version and selectivity opposing effects on optimal yield. The
results show that at a ﬁxed GHSV there was optimum methane
to oxygen ratio (CH4/O2 = 2), that would achieve the highest
C2 yield. It is observed that when higher amount of oxygen
(lower CH4/O2 ratio) is used at the entrance of the reactor,
methane conversion would reach maximum percent which
leads to increased production of carbon oxides. Furthermore,
the C2 hydrocarbons yield increase to 23.4% by applying the
methane to oxygen ratio 2 at GHSV of 8000 h1. Thus, an in-
crease of 60.2% is achieved in the C2 production.Acknowledgement
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